In this study, an interval fuzzy credibility-constrained programming (IFCP) method is developed for river water quality management. IFCP is derived from incorporating techniques of fuzzy credibility-constrained programming (FCP) and intervalparameter programming (IPP) within a general optimization framework. IFCP is capable of tackling uncertainties presented as interval numbers and possibility distributions as well as analyzing the reliability of satisfying (or the risk of violating) system's constraints. A real-world case for water quality management planning of the Xiangxi River in the Three Gorges Reservoir Region (which faces severe water quality problems due to pollution from point and nonpoint sources) is then conducted for demonstrating the applicability of the developed method. The results demonstrate that high biological oxygen demand (BOD) discharge is observed at the Baishahe chemical plant and Gufu wastewater treatment plant. For nonpoint sources, crop farming generates large amounts of total phosphorus (TP) and total nitrogen (TN). The results are helpful for managers in not only making decisions of effluent discharges from point and nonpoint sources but also gaining insight into the tradeoff between system benefit and environmental requirement.
Introduction
Water is one of the most essential constituents for the human life, which is crucial to various socioeconomic issues such as industrial production, agricultural activity, environmental protection, and regional sustainability. In recent years, especially in China, degradation of water quality due to point and nonpoint source pollutions has become one of the most pressing environmental concerns. According to the 2010 Report on Water Environmental Quality of China, approximately 33.8% of the monitored river water (204 rivers with 409 monitoring stations) is in the worst two categories of water quality classification system (i.e., no longer fishable and of questionable agricultural value); around 53.8% of the assessed lakes and reservoirs are subject to different degrees of eutrophication [1] . Under such a circumstance, water quality management is an essential task for preserving valuable water resources and facilitating sustainable socioeconomic development in watershed systems [2] . In fact, water quality planning efforts are complicated with a variety of uncertainties, which may be derived from the random characteristics of natural processes (i.e., precipitation and climate change) and stream conditions (i.e., stream flow, water supply, and point/nonpoint source pollution), the errors in estimated modeling parameters, and the vagueness of system objectives and constraints. In general, the system objectives are often associated with a number of socioeconomic and ecological factors such as economic return, environmental protection, and ecological sustainability, while the constraints are related to pollutant discharges, soil losses, resources availabilities, environmental requirements, and policy regulations. Moreover, these uncertainties may be further amplified by not only interactions among various uncertain and dynamic impact factors, but also their associations with economic implications of violated environmental requirements [3] .
Fuzzy mathematic programming (FMP), based on fuzzy sets theory, can facilitate the analysis of system associated with uncertainties being derived from vagueness or fuzziness [4] . FMP method is suitable for situation when the uncertainties cannot be expressed as probability density functions (PDFs), such that adoption of fuzzy membership 2 Journal of Applied Mathematics functions becomes an attractive alternative [5] . Previously, a number of FMP methods were developed for water quality management [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For example, Julien [6] investigated the application of a fuzzy possiblistic programming to address imprecise parameters which were represented by possibility distributions in water quality decision-making problems. Mujumdar and Sasikumar [8] formulated a fuzzy flexible optimization model for dealing with the system's fuzzy goal and constraints in a water quality management problem. Nie et al. [12] proposed a fuzzy robust optimization model for water quality management of an agricultural system to deal with uncertainties expressed as fuzzy membership functions in both left-and right-hand-side coefficients (of the model's constraints). Maeda et al. [13] employed a fuzzy flexible optimization model which involved fuzzy set theory to express vagueness in constraints and objectives in river water quality management problems. Liu et al. [15] developed a two-stage fuzzy robust programming model for water quality management to address fuzzy parameters which were represented by possibility distributions in the left-and righthand sides of the constraints.
Generally, FMP methods can be classified into three categories in view of the forms of uncertainties: (i) fuzzy flexible programming, (ii) robust programming, and (iii) fuzzy possibilistic programming. In detail, fuzzy flexible programming can deal with decision problems under fuzzy goal and constraints; however, it has difficulties in tackling ambiguous coefficients of the objective function and constraints. Robust programming improves upon fuzzy flexible programming by allowing fuzzy parameters in the constraints to be represented by possibility distributions. However, the main limitations of this method remain in its difficulties in tackling uncertainties in a nonfuzzy decision space. In fuzzy possibilistic programming, fuzzy parameters that are regarded as possibility distributions are introduced into the modeling frameworks. It can handle ambiguous coefficients in the left-and right-hand sides of the constraints and in the objective function.
Fuzzy credibility-constrained programming (FCP) is a computationally efficient fuzzy possibilistic programming approach that relies on mathematical concepts (i.e., the expected value of a fuzzy number and the credibility measure) and can support different kinds of fuzzy members such as triangular and trapezoidal forms as well as enabling the decision maker to satisfy some constraints in at least some given confidence levels [16] . When the credibility value of a fuzzy event reaches 1, the fuzzy event will certainly occur; when the credibility value of a fuzzy event reaches 0, the fuzzy event will not occur. For example, with respect to water quality management, if the allowable total phosphorus (TP) discharges are 7.0, 7.6, and 8.2 kg/day, and the amount of actual discharge may be 7.8 kg/day, then the credibility degree of the event, wherein the total phosphorus discharge can satisfy the river's self-purification capacity, would be 0.33; the credibility degree of its complement event (water pollution occur) would be 0.67. No feature of fuzzy sets would be missing by using credibility measure [16, 17] . However, the main limitation of FCP lies within its deterministic coefficients for the objective function, leading to potential losses of valuable uncertain information; besides, when many uncertain parameters are expressed as fuzzy sets, interactions among these uncertainties may lead to serious complexities, particularly for large-scale practical problems [18] . In fact, in water quality management problems, uncertainty is an inherent component of any economic analysis, particularly those (e.g., effluent trading programs) associated with environmental policy and project appraisal [19] . For example, one major characteristic of nonpoint source pollution that differs from point source pollution is imperfect knowledge about pollutant loadings; the crop productivity and cost benefit coefficients are easier to be presented as intervals than by membership functions. Interval-parameter programming (IPP) is an alternative for handling uncertainties in the model's left-and/or right-hand sides as well as those that cannot be quantified as membership or distribution functions, since interval numbers are acceptable as its uncertain inputs [20] .
Therefore, the objective of this study is to develop an inexact fuzzy credibility-constrained programming (IFCP) method for water quality management, through coupling fuzzy credibility-constrained programming (FCP) with interval-parameter programming (IPP). The main advantage of IFCP is that it can effectively handle uncertain parameters expressed as both fuzzy sets and interval values in the objective function and constraints. IFCP would not lead to serious complexities in its solution process, and it is applicable to large-scale practical problems. Then, the developed IFCP method is applied to a real-world case of water quality management of the Xiangxi River, which faces severe water quality problems due to point and nonpoint source pollution. The results obtained can help decision makers to generate alternatives for industrial production scale, water supply, cropped area, livestock husbandry size, and manure/fertilizer application rate, with consideration of river water quality management.
The paper will be organized as follows: Section 2 describes the development process of the IFCP; Section 3 provides a case study of river water quality management; Section 4 presents result analysis and discussion; Section 5 draws some conclusions and extensions.
Methodology
When coefficients in the constraints are ambiguous and can be expressed as possibility distributions, the problem can be formulated as a fuzzy credibility-constrained programming (FCP) model as follows:
subject to:
Journal of Applied Mathematics 3 where = ( 1 , 2 , . . . , ) is a vector of nonfuzzy decision variables, are benefit coefficients, are technical coefficients, and̃are right-hand-side coefficients. Some or all of these coefficients can be fuzzy numbers. Cr is the credibility measure which is firstly proposed and was widely used in many research areas [16] . Let be a fuzzy variable with membership function , and let be real numbers. The credibility measure can be defined as follows [17] :
Noteworthy, since Pos{ ≤ } = sup ≤ ( ) and Nec{ ≤ } = 1 − sup > ( ), the credibility measure can be defined as follows:
Similar to the probability measure,
Consider a triangular fuzzy variable since it is the most popular possibility distribution, the fuzzy variable fully determined by the triplet ( , , ) of crisp numbers with < < whose membership function is given by
Based on this membership function, credibility of ≤ can be expressed by
The inverse function of the credibility measure is Cr −1 ( ) = , when Cr( ≤ ) = . Normally, it is assumed that a significant credibility level should be greater than 0.5. Therefore, (6) can be written as
Then, (7) can be transformed into a deterministic constraint as follows:
The fuzzy credibility-constrained programming (FCP) model can be formulated as follows:
subject to
Obviously, model (9a), (9b), and (9c) can effectively deal with uncertainties in the right-hand sides presented as fuzzy sets when coefficients in the left-hand sides and in the objective function are deterministic. However, in realworld optimization problems, uncertainties may exist in both left-and right-hand sides (of the constraints) as well as objective-function coefficients; moreover, the quality of information that can be obtained is mostly not satisfactory enough to be presented as fuzzy membership functions [2] . For example, economic return, pollutant discharge, and resources availability are easier to be expressed as intervals than membership functions [21] . Since interval-parameter programming (IPP) is useful for addressing uncertainties expressed as interval values in modeling parameters, it can be integrated into the FCP model to deal with uncertainties presented in fuzzy and interval formats. Then, an interval fuzzy credibility-constrained programming (IFCP) can be formulated as follows:
where the "−" and "+" superscripts represent the lower-and upper-bounds of interval parameters/variables, respectively. Then, a two-step solution method is proposed for facilitating computations of the IFCP model. The first submodel can be formulated as follows: Journal of Applied Mathematics subject to
where
− is the lower bound of the credibility level value. The optimal solutions of the first submodel would be + opt ( = 1, 2, . . . , 1 ) and
In the second step, the submodel corresponding to − can be formulated:
The optimal solutions of model (11a), (11b), (11c), and (11d) would be − opt ( = 1, 2, . . . , 1 ) and
. . , ) can be obtained. Through integrating the solutions of the two submodels, the solution for the objective-function value and decision variables can be obtained as follows:
Case Study
The Xiangxi River (which ranges in longitude from 110 ∘ 25 to 111
∘ 06 E and in latitude from 30 ∘ 57 to 31 ∘ 34 N) is located at 40 km upstream of the Three Gorges Reservoir [22] . It is 94 km long with a catchment area of 3099 km 2 , and its elevation generally ranges from 154 m to 3000 m. It is located in the subtropical continental monsoon climate zone, with an annual temperature of 15.6 ∘ C (from 1961 to 2004) and the long-term annual mean runoff depth of 688 mm [23] . Moreover, it is one of the rainiest centers in the west of Hubei province, with an average annual precipitation ranges from 900 mm to 1200 mm. The temporal precipitation of this basin is uneven, which varies largely among different seasons. For example, more than 41% precipitation occurs in June to August, and the rainfall in the spring, autumn, and winter seasons occupy 28%, 26%, and 5% of the total precipitation per year, respectively. There are plenty of mineral resources (i.e., phosphate ore, coal, pyrite, and granite), where the reserve of phosphorite is among the top three in China, which reaches 357 million (i.e., tonne) [1] . Relying on these advantages, the number of phosphorus mining companies and related chemical plants are increasing along the banks of the Xiangxi River. Besides, multiple crops such as rice, maize, wheat, citrus, tea, potato, and vegetable are cultivated in the catchment since the land-use patterns are diverse, and the tillable area land is approximately 294.5 km 2 . In addition, pig, ox, sheep, and domestic fowl are the main live stocks in animal husbandry. The main pattern is scattered livestock breeding instead of large-scale standardized breeding.
Currently, water quality problems due to point and nonpoint source pollution discharges become more and more challenging in this catchment. Main point sources include five chemical plants (i.e., GF, BSH, PYK, LCP, and XJLY), six phosphorus mining companies (i.e., XL, XH, XC, GP, JJW, and SJS), and four wastewater treatment plants (WTPs) (i.e., Gufu, Nanyang, Gaoyang, and Xiakou), while four agricultural zones (AZ1 to AZ4) are the main nonpoint sources due to the application of manure/fertilizer. These point and nonpoint sources scatter along a length of about 51 km river stretch which is segmented into five reaches, and the reaches are marked as I to V. The main water quality problems include (i) the immoderate discharge of high-concentration phosphorus-containing wastewater and industrial soil wastes (i.e., chemical wastes, slags, and tailings) far exceed what can be decomposed by self-purification (according to the field investigation, 23.89 of phosphorus enters downstream of the Xiangxi River); (ii) high potential for generating soil erosion and surface runoff due to the special geography and heavy rainfall (i.e., the average erosion modulus reaches 6,488 t/(km 2 ⋅a) in Xiangshan County in this catchment); (iii) large amounts of nutrient pollutants (in terms of phosphorus and nitrogen) in livestock wastewater and wastes (from pig, ox, sheep, and domestic fowl breeding) are drained into the river by direct discharge or in rainfall. In such a circumstance, decision makers should seek to develop a sound pollution control plan to ameliorate the current situation of the water environment since it is infeasible and technical impossible to ensure zero emission of pollutants.
In this study, the planning horizon is one year. Moreover, since some crops should be grown in dry season, while some other crops should be cultivated in wet season, two periods are chosen to cover the planning horizon. The first period Journal of Applied Mathematics 5 is from June to October (i.e., dry season), and the second period is from November to May of the next year (i.e., wet season). The objective is to maximize the net system benefit subject to the environmental requirements under uncertainty over the planning horizon. Policies in terms of the related human activities (i.e., industrial, municipal, and agricultural activities) and the pollutant discharges (from fifteen point and four nonpoint sources) are critical for ensuring a maximum system benefit and a safe water quality [24] . Based on field investigations and related literatures, biological oxygen demand (BOD), total nitrogen (TN), and total phosphorus (TP) are selected as water quality indicators [1, 25] . To develop the local economy in a sustainable manner, pollutant discharge should be controlled by setting the thresholds for TP, TN, and BOD discharge in each reach [26] . However, human-induced imprecision in acquiring these thresholds (i.e., lack of available data and biased judgment) make it more complicate.
On the other hand, uncertainties in the study system include the following: (a) cost of wastewater treatment, manure, and fertilizer purchase are associated with many uncertain factors, which are expressed as interval numbers (e.g., an interval of [30, 35] RMB¥/t is denoted as cost of manure purchase of AZ1 in dry season); (b) the BOD and TP treatment efficiencies of wastewater in WTPs and chemical plants are related to operating conditions of the treatment facilities, which cannot be obtained as deterministic numbers (e.g., an interval of [0.89, 0.92] is denoted as treatment efficiencies of wastewater in Xiakou WTP); (c) nonpoint source losses of nitrogen and phosphorus from agricultural zones fluctuate dynamically due to variability in soil erosion (corresponding to solid-phase nitrogen) and surface runoff (corresponding to dissolved nitrogen) (e.g., average soil loss from AZ1 planted with citrus in dry season would be [20.49, 22 .82] t/ha), and runoff from AZ1 planted with citrus in dry season would be [78.07, 96.50] mm); (d) the amount of fertilizer and manure applications may vary with the soil fertility to meet the nutrient demands of each crop (i.e., nitrogen and phosphorus); (e) energy and digestible protein demands of human and animals are determined by crops' yield (e.g., yield of citrus planted in AZ1 during dry season would be [10.3, 12.6] t/ha). Therefore, based on the IFCP method developed in Section 2, the study problem can be formulated as:
(1) wastewater treatment capacity constraints:
(2) BOD discharge constraints:
(3) nitrogen discharge constraints: Journal of Applied Mathematics (4) phosphorus discharge constraints:
Cr
(5) soil loss constraints:
(6) fertilizer and manure constraints:
(7) energy and digestible protein constraints:
(8) production scale constraints:
(9) total yield of crops:
(10) planning area constraints:
(11) nonnegative constraints:
where : chemical plant; = 1 Gufu (GF); = 2 Baishahe (BSH); = 3 Pingyikou (PYK); = 4 Liucaopo (LCP); = 5 Xiangjinlianying (XJLY); : agricultural zone; = 1, . . . , 4; : main crop; = 1 citrus; = 2 tea; = 3 wheat; = 4 potato; = 5 rapeseed; = 6 alpine rice; = 7 second rice; = 8 maize; = 9 vegetables; : phosphorus mining company; = 1 Xinglong (XL); = 2 Xinghe (XH); = 3 Table 1 provides the net benefits of chemical plant productions, phosphorus mining company, and municipal water supply. According to the crops' growth periods, dry season crops include wheat, potato, rapeseed and alpine rice; second rice, maize and vegetable are identified as main crops during the wet season; citrus and tea grow over the entire year. Table 2 shows the net benefits of each crop in every AZ and yields of each crop. To guarantee the stream water quality, wastewater treatment measures have to be adopted at each point source. Based on the local environmental regulations, a safe level of water quality must be guaranteed to protect aquatic life and maintain aerobic condition in the stream system [2] . Thus, the BOD and TP loading amount would be controlled strictly. However, the imprecision of the allowable BOD and TP discharge could introduce uncertainties in the water quality management. For modeling purpose, the vagueness of the allowable BOD and TP loading amount are encoded by triangular fuzzy membership functions. Figure 1 presents the fuzzy set with triangular membership function. The minimum, maximum, and most likely values ( , , and ) that define these fuzzy sets are estimated according to previous research regarding water quality monitoring and environmental capacities, as tabulated in Table 3 . Moreover, by setting acceptable interval credibility levels, the constraints can be at least basically satisfied and at best practically satisfied. Lower-bound of the interval numbers would be no less than 0.5, and upper-bound of the interval numbers would be no more than 1 [16] . Lower-bound of credibility level represents a situation when the decision makers are optimistic about this study area, which may imply a higher risk of violating the river's self-purification capacity. Conversely, upper-bound of credibility level corresponds to a situation when the decision makers prefer a conservative policy that could guarantee that the river's self-purification capacity be satisfied. The results for total crop areas and manure/fertilizer applications are listed in Table 5 . The areas of citrus and tea would maintain the low levels over the planning horizon. This may be attributed to their pollutant losses as well as their low net energy and digestible protein contents (supplied for livestock). In period 1, wheat, potato, rapeseed, and alpine rice should be cultivated. The potato area (i.e., [1459.8, 1620.3] ha) would account for the largest one of the entire croplands. In period 2, wheat, potato, rapeseed, and alpine rice would be harvested and second rice, maize, and vegetable would be sown. The vegetable area (i.e., [1745. 2, 1915 .6] ha) would be the largest one among all croplands. The results indicate that the high levels of area planted with potato and vegetable are associated with their high crop yields, good market price, and low pollutant losses. In terms of manure and fertilizer application, their quantities would vary with crop areas. The results indicate that manure would be the main nitrogen and phosphorus source which satisfy the requirements of most crops due to its availability and low price to collect. Solutions demonstrate that domestic fowl husbandry would reach the highest level Lower-bound Upper-bound (i.e., [34.80, 132.56] × 10 3 unit) among all live stocks because it possesses more advantageous conditions than the other live stocks (i.e., higher allowable discharge, higher revenue parameter, and lower manure generation rate).
Result Analysis
Figures 2 and 3 present the amounts of BOD discharges from chemical plants and WTPs, respectively. The amount of BOD discharge is associated with a number of factors (e.g., production scale, wastewater generation rate, and wastewater treatment facility). The BOD discharge from BSH would be more than those from the other chemical plants, which Figure 4 shows TP discharges from point sources (i.e., chemical plants, WTPs, and phosphorus mining companies) and nonpoint sources (i.e., crop farming and agricultural life). In Figure 4 , symbol "CP" denotes chemical plant; symbol "PMC" denotes phosphorus mining company; symbol "CF" denotes crop farming; symbol "AL" means agricultural life. For point sources, the chemical plants would be the major contributor to water pollution. The phosphorus pollutants can be discharged from wastewater and solid wastes (i.e., chemical wastes, slags, and tailings). The amount of TP Since the wastewater should be sluiced strictly according to the integrated discharge standards, the amount of TP discharge from WTPs would stay at a low level. Most of the TP would be from phosphorus-containing wastes (i.e., discharged directly and washed by rainfall). For nonpoint sources, the phosphorus pollutants from crop farming which can be generated though runoff and soil erosion (the latter would be a larger proportion) would be more than that from agricultural life. This is associated with its high soil loss rate, low runoff, and low phosphorus concentration in the study area. Generally, TP discharge derives mainly from point sources, particularly from chemical plants. The results also indicate that the nitrogen pollutants would be generated by nonpoint sources (i.e., mainly from crop farming). TN discharge from citrus and tea can be neglected (i.e., nearly equal to aero). Figure 5 shows TN discharges from the other cropping areas. TN discharges from wheat and potato would be higher than those from rapeseed and alpine rice in period 1; TN discharges from Lower-bound Upper-bound vegetable would be higher than those from maize and second rice in period 2. This difference may be attributed to their planting areas, soil losses, runoff, and nitrogen concentration.
Net system benefit can be obtained from different industrial and agricultural activities, as shown in Figure 6 . Chemical plants would be the major economic incoming source in the study area and 6 , respectively. Livestock husbandry would bring the lowest benefit. Such an industry-oriented pattern may be related to the abundant mineral resources (particularly phosphorus ore) which can generate high economic return. Agricultural activities would make less contribution to the local economic development due to its topography which is not suitable for cultivation in large parts.
Conclusions
In this study, an interval fuzzy credibility-constrained programming (IFCP) has been advanced for water quality management under uncertainty. This method integrates interval-parameter programming (IPP) and fuzzy credibilityconstrained programming (FCP) techniques within a general optimization framework. Generally, the IFCP model has advantages in (1) handling uncertainties presented in terms of interval values and possibility distributions in the model, and (2) providing bases for determining optimal water quality management plans with desired compromises between economic benefits and environmental capacity-violation risks. The developed model has been applied to a real-world case of planning water quality management in the Xiangxi River of the Three Gorges Reservoir Region. The objective is to maximize the net system benefit subject to the environmental requirements under uncertainty over the planning horizon. Pollutant discharges generated by various point and nonpoint sources were considered simultaneously. Interval solutions for production activities (i.e., industrial, municipal, and agricultural) and pollutant discharges (i.e., BOD, TP, and TN) under interval credibility levels have been generated by solving two deterministic submodels. The detailed results of related production scales and pollutant discharges can help identify desired water quality management schemes for developing the local economy in a sustainable manner. Some useful suggestions for the local economy development in a sustainable manner could be summarized: (i) advancing wastewater treatment technologies (e.g., tertiary treatment and depth processing technologies) to further improve pollutant removal efficiency; (ii) controlling the generation of phosphorus-containing wastes (from chemical plants and phosphorus mining companies) strictly in the production process and taking effective treatments and disposal measures to reach the goal of achieving TP abatement; (iii) taking control practices on soil erosion for reducing the transport of nitrogen and phosphorus pollutants to the river.
Although reasonable solutions and desired management policies have been obtained through the IFCP management model, there are still some extensive research works to be done. For example, the proposed IFCP method can deal with uncertainties expressed as fuzzy sets and interval numbers; however, the main limitations of the IFCP method remain in its difficulties in tackling uncertainties expressed as probabilistic distributions (stochastic uncertainties). Under such a circumstance, stochastic mathematical programming method is a suitable option to be introduced into the proposed IFCP method. Moreover, decision support regarding pollution management could be further provided by incorporating certain water quality simulation models into IFCP framework, which can effectively reflect dynamic interactions between pollutant loading and water quality.
